INTRODUCTION
Most scientific and technical workers familiar with slope-stability proble~ms in Allegheny County ( fig. 1 ) agree that man's modification of sensitive slopes causes more than 90 percent of the landsliding in the area. If man ·causes landslides, he also can control or prevent them, actively by engineering or passively by judicious land use.
A recent study of the county was made to define areas where a significant degree of suscepti-FIGURE !.-County outline map of Pennsylvania showing lacation of Allegheny County (shaded).
1 bility to landsliding can be expected and thus where special engineering attention or land-use control are most needed. This report chiefly is a supplement to the map by Pomeroy and Davies (1975) , which is referred to herein as the conlpanion map.
The report has two chief parts: (1)' A discussion of landsliding causes and evidences of landsliding and (2) a discussion of geologic factors affecting landsliding, including brief descriptions of specific landslides. The geographic focus is Allegheny County, but advice and dir~ussion also have application to adjacent parts of the Appalachian Plateaus.
The report and companion map were prepared as part of a larger program sponsored by the Appalachian Regional Commission, a r~ogram chiefly aimed at improved management of land resources in Allegheny County. In addition, the report and companion map are contributions to a U.S. Geological Survey environmental analysis of the Greater Pittsburgh region.
The writers benefitted from information and assistance freely given by many per;;-ons in County, State, and Federal governments and private firms. They are too many to cite individually, but their help is gratefully acknowledged. In addition, valuable information was obtained from previous reports on landsliding and related factors by Ackenheil (1954) , Ackenheil and Associates (1968) , Briggs (1974) , Craft (1974) , Fisher and others (1968) , Gray Un Wagner and others, 1970, p. 103-105) , Hamel (1970 Hamel ( , 1972 , Ham~el and Flint (1969; , Kelley (1971) , Myers (1935) , Philbrick (1959 Philbrick ( , 1960 , U.S. Soil Conservation Service (1973a, b) , and Winters (1972) .
RECOMMENDATIONS AND ADVICE FOR THE NONTECHNICAL READER
Landslides affect many Allegheny County residents, in some places sporadically, and in others more or less constantly. Sometimes they pose a severe financial threat or they may be a minor but almost constant nuisance. Figure 2 shows the general form of many landslides and gives nomenclature commonly used. Slump ( fig. 3) is the prevalent type of landslide in Allegheny County. All prehistoric and many recent landslide deposits are largely the result of slumping. Earthflows ( fig. 4) are common, and rockfalls ( fig. 5 ) and debris slides ( fig. 6 ) are rather frequent, particularly from highway and railroad cuts.
Most landslide~s actually are composites of two or more of these types, but usually a given landslide is labelled for the dominant type present. For example, a large slump may have rockfalls and debris slides a.t its head, and earthflows may occur at its base.
Rockfalls are the most rapid landslides, ranging in duration from a split second to a few seconds at most. Debris slides normally last from seconds to minutes, but if the source of debris is large, for example, a huge mine-refuse bank, a debris slide can move more or less continuously for hours. Duration of an earthflow depends largely on its size. Smaller earthflows can be finished in minute~s, but most probably last for an hour or more. Slumps commonly move relatively slowly, forming in hours or even months; some slumps, however, can take place in minutes.
Soil creep is a gradual, more or less continu-FIGURE 2.-Nomenclature of parts of a landslide (simplified from Eckel, 1958) .
2 ous downslope movement of soil ( fig. 7) , and usually is not considered a landslide process, but it can be accelerated into landsliding. The basic distinction is that an area of cr~~ep does not show significant ground I?reakage--no scarps or cracks.
Generally landslides in the county are slowmoving so there is ample time to avoid personal hazard; deaths and injuries are r~.re. Rockfalls are the chief exception. In one place in adjacent Beaver County in 1942, 150 cubic yards of rock FIGURE 3.-Slump--coherent or intact masses that move downslope by rotational slip on surfacr~s that underlie and penetrate the landslide deposit (from Nilsen, 1972) .
FIGURE 4.-Earthflow-colluvial or fill materials that move downslope as a viscous fluid, for example, thick syrup (from Nilsen, 1972) .
Fallen sandstone block FIGURE 5.-Rockfall-rock masses that move primarily by falling through air (from Pomeroy, 1974) .
FIGURE 6.-Debris slide--incoherent or broken masses of rock and other debris that move downslope by sliding on a surface that underlies the deposit (from Nilsen, 1972) .
fell and crushed a bus, killing 22 passengers and injuring four (Ackenheil, 1954) . Property damage ranges from very serious in relatively rare cases, such as the destruction of a dwelling, blockage of a transportation route, and destruction of a reservoir, to minor in very frequent cases, such as slumping at the edge of a lawn or highway shoulder. Thus few individual landslide events are extremely costly, although the Allegheny County Department of 3 FIGURE 7.-Creep-Common evidence: (A) moved blocks of rock; (B) trees tilted at appreciable angles downslope with curved trunks concave upslope; (C) displaced posts, poles, and monuments; (D) broken or displaced retaining walls and foundations; (E) roads and railroads moved out of alinement; (F) turf rolls occurring downslope from creeping boulders; (G) stone line near base of creeping soil (modified from Sharpe, 1938) .
Planning and Development has estimated costs of damages from landsliding in the county from 1970 to 197 4 at nearly 2 million dollars each year (W. C. Morrison, oral commun., 1974) . Doubtless unreported, and so not included in this figure, are many events that may cost the individual homeowner perhaps 100 dollars for repair.
ACTIONS TO BE AVOIDED OR TO BE TAKEN ONLY WITH CAUTION
Most landslides in Allegheny County result from loading the tops or cutting into sensitive slopes, construction of fills on slopes, or altering water conditions of slopes. No significant actions should be taken without site investigations by competent technical personnel. Sketches in the margin of the companion map illustrate possible results from these actions. In the paragraphs below, the selected landslide localities referred to in parentheses are described later in this report and are located on the companion map.
Loading.-The most common loading (actually overloading) of a slope is by emplacing earth materials or slag as a fill, usually to extend the backyard of a house on the slope or on a ridgetop. Loading can cause the formation of surfaces of rupture in underlying soil and rock, resulting in failure. Structures also are loading factors. In most places they are set on bedrock, but when they are not, destruction may result -as occurred on Lawnwood Avenue ( fig. 8 ; selected landslide locality 8).
Cutting into a slope.-Because valleys of the region are rather narrow, excavation of the foot of a slope to make more flat ground is very common. This can be disastrous, particularly if the cut is in the toe of an unidentified prehistoric landslide deposit, as happened during construction of Interstate 79 (selected landslide locality 2) and on West Smithfield Road ( fig. 9 ; selected landslide locality 11).
Placing fills on slopes.-Proper construction of a fill on a slope involves engineering practice, and should be designed for the particular slope on which it is to be placed; it includes removal of natural vegetation before emplacement and lift-by-lift compaction. The buyer, builder, or homeowner must always bear in mind that areas susceptible to landslides commonly are larger than most individual properties. Thus, it pays to look not only at the property in question but also at adjacent areas, particularly those upslope and downslope. If the property slopes more steeply than about 15 p~rcent (15 feet of drop or rise vertically in 100 feet of horizontal distance), or if 5 adjacent uphill or downhill slopes (or both) are significantly steeper than the slope of the property, site examinations should be made. In addition, if the property is on relatively fiat ground on a ridge top or in a valley, but close to a fairly steep slope, an examination of the slope is recommended. It is most important to look for the features listed in areas labelled as highly sensitive on the companion map.
The following features are indications that a property may have a potential or real landslide problem. All the features listed have been associated with landsliding in Allegheny County. If any of these are observed, the buyer, builder, or owner should seek advice from competent technical personnel.
(1) Cracks in buildings.-Most older buildings have minor cracks, but these probably result largely from normal settlement. In general, the fact that a building is old and shows no significant damage is an indication that the building probably will remain undamaged by landsliding. Many or large cracks in newer structures are reasons for concern, although the cause of cracking may well be something other than landsliding. Major cracks commonly are repaired by owners, but evidence of repair usually is visible on close examination. Wet basements may be evidence of cracks in foundation.
(2) Cracks in brick walls around yards and 6 other outside br"ick and conc1·ete features.-Vnlike buildings, which generally are set in bedrock, mos. t yard walls and other ancillary features rest on soil. They thus are sensitive to creep which can cause cracking or can pull such features away from structures. (3) Doors and windows that jam.-A door that sticks or otherwise does not seem to fit well or a sash window that jams may be evidence that the frame of a house has been warped.
( 4) Retaining walls, fences, curbs, gas mete?·s, posts supporting porches, and other featwres out of plumb m· not ali ned in a normal way.-Fences and similar features usually are vertical and straight when built, curbs normally are straight, and gas-meter piping generally is horizontal when installed. Leaning fence posts, bowed fence or curb lines, and other departures from the expected thus require explanation.
(5) Breakage of underground pipes and other· utilities.-Downslope movement can upset the alinement of buried utilities. For example, a pipeline parallel to a slope can be bowed by compression or strained by tension and ultimate breakage can result. Evidence of breakage includes otherwise unexplained wet ground, lowered water or gas pressure, and failure of service.
(6) Leaky swimming and decorative pools.-Concrete pools are rigid and tight when constructed. Soil movement can cause cracking, which creates an additional hazard in that water leaking from cracked pools can enter the ground and perhaps accelerate movement. wires between adjacent poles are abnormal and noteworthy.
(9) Cracks in the ground.-Cracks more or less parailel (across) to a slope usually are indications that the slope is moving. Unusually wide cracks are shown in figure 12.
(10) Steplike ground featu?·es.-Slumping of ground usually results in steplike scarps ( fig.  2 ) that may range from very low to many feet high. When relatively new, the "risers" of the scarps usually expose fresh earth ( fig. 13 ). Older scarps may have subdued angles because of erosion and may be vegetated, making them more difficult to identify. Whether old or new, these features are evidence of unstable conditions.
(11) Hummocky ground.-Hummocks, low mounds, are common irregularly spaced features of the toes and lower ground surfaces of both prehistoric and recent landslides ( fig. 9;   fig. 13 ). They do not occur naturally on any other surfaces in Allegheny County.
(12) Water seeps.-Seeps and springs are very common at the toes of landslide deposits. Water from seeps on upper slopes may saturate the ground and so contribute to the mobility of downslope materials ( fig. 10 ). Swampy ground and small and perhaps short-lived areas of ponded water are common evidences of groundwater seepage on slopes.
GEOLOGIC FACTORS AFFECTING SUSCEPTIBILITY TO LANDSLIDING IN ALLEGHENY COUNTY
Bedrock in Allegheny County is entirely composed of coal-bearing rocks of Pennsylvanian and Permian age (between 320 and 225 million years ago). Formation names, from oldest to youngest, are the Freeport in the Allegheny Group, the Glenshaw and the Casselman in the Conemaugh Group, the Pittsburgh and the Uniontown in the Monongahela Group, and the Waynesburg and the Washington in the Dunkard Group. Their relations and general distribution are shown in the columnar section and small-scale geologic map that accompany the companion map. The reader is referred to "Geology of the Pittsburgh area" (Wagner and others, 1970) for a thorough description of the general geology. Significant factors bearing on landslide susceptibility include:
(1) Rock types.-Rocks appearing at the surface are mostly sandstone, siltstone, shale, claystone, and limestone. Coal constitutes less than 2 percent of the rocks exposed in the area. Of particular significance to slope stability are widespread red beds, dusky red layers of claystone and shale, thickest and most consistent near the top of the Glenshaw Formation, but also common in the lower part of the Glenshaw and in the basal and upper middle parts of the Casselman Formation. Red beds also are present sporadically in the lower Pittsburgh Formation and other parts of the stratigraphic section. No sensitive red beds are known in the Freeport Formation. As shown on the companion map, landslides clearly are most common on deeply weathered red-bed slopes, but thick beds of gray to brown claystones in the Monongahela Group and the lower Washington Formation of the Dunkard Group also weather rapidly and underlie extensive areas where slopes are unstable. Sandstone and limestone commonly are harde1· and more resistant to weathering than are siltstone, claystone, and shale. This explains why sandstone and limestone form ledges and cliffs on many slopes, whereas other rock types rarely are well exposed except in cut banks of streams, in other very steep natural slopes, and in manmade exposures such as highway cuts. The distribution of rock types and their general engineering characteristics have been summarized by Kohl and Briggs (1975) on a map of Allegheny County at the same scale as the companion map. (2) Rock layering.-Rock types alternate and form layers that are eommonly 1 inch to 10 feet thick ( fig. 10) fig. 10 ). Rock attitude is mos,t critical to landsliding on slopes where rock layers dip in the same general direction as the slopes but at lesse~r angles than the slopes, for on such overdip slopes, ground-water discharge is enhanced, and water is an important factor in most landslides (Briggs, 197 4) . (5) Soil cover.-Soils are composed chiefly of fine-grained mineral constituents derived from rock decomposition during weathering. However, the term "soil" means different things to different people. To a soil_ scienti~st, soil means the material that supports plant life and that has undergone near-surface zonation resulting from the interaction of clfmate and living matter, conditioned by slope and relief. An agricultural soil rarely is more than 6 feet deep and may rest on and be developed from a parent material that is itself decomposed rock. To an engineer, soil includes all unconsolidated material above hard bedrock, and so includes the parent material of many agricultural soils. Only where depth to hard bedrock is relative,ly shallow will there be virtual agreement between a soil scientis,t and an engineer as to thickness and composition of a soil. "Soil" is used in this report in the engineering sense; it thus applies not only to material resulting from rock weathering in place, but also to masses of fragmented and decomposed rock particles that have been transported and redeposited elsewheTe. Examples of transported soils are colluvium (soil accumulated at the base of slopes) and alluvial terrace deposits (deposited from running wate~r) . Borth of these types can be subject to land sliding. In Allegheny County, soils of the hilltops are relatively thin, less than 6 feet thick in many areas. Soils of hill slopes are absent where bedrock crops out, are relative,ly thin on many upper slopes, and are made up of more than 20 feet of colluvium on many lower slopes. Valleybottom soils generally have nearly level surfaces and so are not a significant factor in most landsliding; they may exceed 100 feet in thickness.
The composition of a soil reflects the composition of the rock from which the soil was derived, for sandstone will we~ather to a sandy soil, shale to a clayey soil, and hard blocky rocks may weather to a rocky soil. Most soils are loose to moderately cohesive and are finer grained near the surface than they are at depth. They will not stand long on s1teep slopes, and, in Allegheny County, soils weathered from red beds and, to a somewhat lesser extent, limestone are particularly sensitive to undercutting, overloading, or other processes. Clayey soils when dry commonly are crumbly and relative•ly low in weight per unit volume. When wetted, clay soils retain water and so become heavier, become plastic, and, depending on their mineral composition, may become very slippery. Many wet clayey soils resemble modeling clay in feel, relative weight, and plasticity.
(6) Permeability of rocks and soils.-P.ermeability as used here means the capacity of bedrock and soil to transmit water. Sandstone in the county commonly is moderately permeable; water may pass around grains of sand and through voids between the grains. In addition, sandstone layers may have open joints that facilitate passage of water. Limestone is fine grained, and solid unfrac_tured limestone is more or less impermeable. However, most layers of limestone are permeable because they are closely jointed, and these joints commonly are open because of dissolution and removal of minerals by moving ground water. In contrast, siltstone and shale are fine grained and tightly jointed; they commonly are less permeable than most coarser grained rocks. Similarly, most sandy and rocky soils are more permeable than are soils composed largely or entirely of clay. Rocks and soils are most likely to be saturated by water in zones where permeable materials overlie relatively impermeable materials. Complete saturation commonly re~sults in increased pore pressure's that decrease cohesiveness between particles and increase buoyancy in the saturated material. The effect is similar to lubrication and enhances susceptibility to landsliding.
Permeability of rocks and soils and other facets of the shallow ground-water regime relevant to the landsliding process have been described in greater detail by Subitzky (1974a, b, c).
(7) Steepness of slopes.-Allegheny County is a land of hills and ridges separated by valleys through which streams and rivers flow at levels commonly 300 feet, and locally more than 600 feet, below adjacent ridge crests. The valley walls are relatively steep; slopes of 25 percent (25 feet of drop in 100 feet of horizontal distance; about 14°) or greater occupy about onefourth of the area. These steep natural slopes are leading factors in the occurrence of landslides, for if the area were largely one of relatively flat or gently sloping land surfaces, it is unlikely that even red beds would become involved in significant landsliding on natural slopes.
Relative importance of factors.-All the above stated factors are interrelated. At a given place, one factor may be the chief control of susceptibility to landsliding, whereas at another place, the same factor may be less important than others. For example, where a major stream is undercutting its bank by flowing against it, oversteepening will occur and slope failure ultimately will ensue regardless of whether the bank material is rock or soil; where a thick soil cover becomes saturated with water, failure may occur even on relatively gentle slopes. Some slopes can be consistent landslide hazards because of natural or manmade steepness or excessive rock fracturing; some overdip slopes, on the other hand, may be less susceptible to landsliding because only one type of rock is present.
SELECTED LANDSLIDE LOCALITIES
Given below are brief descriptions of 15 localities that are examples of landsliding types and effects in Allegheny County. The companion map shows the localities by number; general locations are shown on figure 14. In addition, word descriptions are sufficient for location with the assistance of road maps of Pittsburgh and vicinity issued by oil comp~anie~s. Included are some localities described in greater detail by others (chiefly Ackenheil, 1954) , as well as localities identified during the current study.
(1) Sewickley Water Works area Nevin Avenue-Waterworks Road, Borough of Sewickley.-The base of a recent landslide on the south wall of the valley near the westernmost impoundment is at an altitude of 850 feet; it~s head is at approximately 950 feet with a scarp in red beds at the edge of an upper road. Waterworks personnel report that the slide took place in summer 1973 after heavy rains. A major factor in sliding appears to be infiltration of water from above into the landslide mass. Layers of red mudstone exposed above the scarp locally dip 15° SW. and appear to be part of an older landslide deposit. The valley has many prehistoric landslide areas, and both sides of the valley have hummocky lower slopes and typically thick colluvial deposits. An older (1940) landslide on the north side of the valley just upstream from the same impoundment is a classic example of the effects of unusually heavy rainfall combined with man's modification of a sensitive slope. Loading of the red-bed slope with sandstone quarry waste was compounded by additional loading and an unusual degree of saturation owing to an unusually high amount of precipitation for the day of the event as well as for the previous week and month. As documented by Ackenheil (1954) tive materials resulted in serious and recurring landslide problems ( fig. 11; fig. 13 ; Hamel and Flint, 1969) .
(3) Baldwin Road, Robinson Township, about 1,4 mile north of Penn-Lincoln Parkway, "Parkway West." -Along the southeast side of the apartment complex on the northwest side of Baldwin Road is a steep fill slope in which some slumping occurred. Brick walls of some units of the complex cracked, and slumping forced removal of back porches of several units. Additions to downspouts we, re made to direct water, a possible causative factor in the slumping, away from foundations. A concrete retaining wall between the lowest developed level and the second level was distressed ( fig. 15) . The Pittsburgh coal bed here is at or slightly below the level of the lowest buildings of the complex, and the coal has been mined out, according to information from the Pennsylvania Division of Mine Subsidence Regulation. Possible mine subsidence, soil creep, and landsliding, and the potential for lateral spreading under footings may have combined to make assurance of structural integrity more difficult here than elsewhere.
( 4) Narrow ridge between Chartiers Creek and the N01·folk and Western Railway, Scott Township, just east of Borough of Heidelberg.
-Surface cracks in this ridge are similar to but smaller than cracks on the slope at locality 10 and may also indicate slope failure (John Reynolds, oral commun., 197 4). However, the top of the ridge is only about 30 feet above the Pittsburgh coal bed, mined out in this area, so sub- sidence of the surface because of undermining may be responsible for these phenomena. fig. 10 ) formed in 1971 after a fill was placed to extend the backyard of the house at the top of the bluff. The fill failed shortly afterwards, and additional fill was placed. During tropical storm Agnes in 1972, the landslide mass moved down to the creek, leaving a bedrock face exposed. Since then, the fill on the flat above has slumped, forcing a change in the alinement of a fence. The rocks on which the slide formed are in the middle part of the Monongahela Group, about 100 feet above the Pittsburgh coal bed, which is exposed at ro, ad level on the south side of the road. The head of the landslide is near an apartment complex on the ridge above, and it can be viewed from the north end of the parking area of the complex. The lower half of the slope is underlain by red beds, and the upper slope is underlain by interlayered gray claystone and red beds. Evidence of distress to structures in the complex included wall cracks, and one pier out of plumb. Immediately south of the apartment complex is the scar of a very large 1949 landslide documented by Ackenheil (1954) . (7 to remedy the landslide, General G. W. Goethals of Panama Canal fame is said to have answered, "let 'er slide" (Ackenheil, 1954 fig. 17) . The first fill was placed across a narrow valley on the slope. The houses were built in the 1960's; footings were placed in the old fill, and backyards were built up by emplacement of additional fill. Movement began shortly after the houses were completed, when the backyards slumped. The backyards were built up again, but further movement occurred, and by June 1972, two houses were so damaged that they were abandoned. The third house, on the east, was evacuated in February 1974, when the back wall began to collapse ( fig. 8) . The fourth house, on the west, had suffered no apparent structural damage and was still occupied in late 1974. However, the side yard and part of the backyard had slumped away, exposing part of the foundation ( fig. 8) . Downslope movement in this area is not all recent, as is well indicated by large trees leaning strongly downhill a short distance to the west (fig. 8) . The Pittsburgh coal bed has been mined out beneath this area, and mine drainage is evident at the foot of the slide. Lubrication and increased buoyancy from mine waters may be factors in the Lawn wood A venue landslide (Craft, 1974 (Ackenheil, 1954; Hamel, 1972) . Although evidence of the landslide long since has been obscured, this (Kelley, 1971 
